In a superconductor (SC), two electrons are bound together with proper spin configuration to form a Cooper pair. In a singlet SC, two electrons must pair with opposite spins whereas in a triplet SC, two electrons can pair with parallel spins. When a current is injected from a normal metal into a SC, the normal current must be converted into a supercurrent. For each injected electron from the normal metal, it must be accompanied by another electron with proper spin to form a Cooper pair to propagate in the SC, consequently reflecting a hole back into the normal metal. This is known as Andreev reflection, 1 which is limited by the availability of electrons with the required spin direction at the Fermi level. The spin alignment of conduction electrons is measured by spin polarization (P), defined as the imbalance of spin-up and spin-down electrons at the Fermi level (E F ) normalized by the total number of electrons, P =
For an interface between a normal metal with P = 0 and a singlet SC, Andreev reflection occurs for each electron with energy less than the superconducting gap (∆), whereas P = 1 for a half-metal, and the conductance is zero within the gap because of the absence of Andreev reflection. By scanning the energy of the injected electrons, Andreev reflection spectroscopy (ARS) or point contact Andreev reflection (PCAR) where the interface is realized by a point contact, can measure the P value of the normal metal 2-10 and the ∆ value of the SC. [11] [12] [13] Within the gap of a spin-parallel triplet pairing SC, however, Andreev reflection can occur even for a halfmetallic current. Thus, the P value cannot be measured, distinctively different from that of singlet SC. Triplet SCs are very rare and are experimentally hard to verify. 14,15 A highly spin-polarized current can thus verify triplet superconductivity via ARS.
High P values can greatly improve spintronics performance and ARS has been extensively utilized to search for highly spin-polarized materials. [2] [3] [4] [5] [6] [7] [8] [9] [10] The P and ∆ are determined by analyzing the ARS spectra with a modified Blonder, Tinkham, and Klapwijk (BTK) model 16 with factors such as interfacial scattering (Z), inelastic scattering (Γ), temperature (T ), and extra resistance (r E ) included in analysis. [17] [18] [19] [20] In most studies, a conventional SC with transition temperature Tc < 10 K and critical field Hc < 1 kOe is used. Thus, P is often measured without variation of T and only at zero magnetic field (H). The effect of T on P can be utilized to evaluate the performance of spintronics as well as to reveal important new physics. For example, it is still unknown how P changes across magnetic phase transitions. In addition, the recent discovered topological spin textures [21] [22] [23] often exist in a certain T and H range, and hence a scan of T and H is required to study P in these magnetic structures using ARS. Conventional SCs often have Tc less than 10 K and Hc less than 1 kOe, which are not suitable to explore these features. Unconventional SCs can have much higher Tc and much larger Hc, but they have not been utilized to determine P of magnetic materials, especially highly spin-polarized material or half metals using ARS.
The recently discovered Fe SCs are unconventional with Tc up to 55 K and Hc estimated up to 122 T, 24 and their gap structures have been measured by ARS. 12, 13 However, but they have never been utilized to determine the P value of magnetic materials. It has also been predicted that the Fe SCs are spin-triplet. 25 A highly spin-polarized material can reveal if there is spin-parallel triplet pairing in the Fe SCs. In this work, we show that P and its temperature dependence of a highly spin-polarized material can be determined using an unconventional Fe SC. The P value of the magnetic material and the ∆ value of the Fe SC can be determined simultaneously from 1.5 K to 52 K using a single point contact. The ARS gives rise to the same P value as that obtained using a conventional SC, Pb, and most importantly excludes any spin-parallel triplet pairing in the Fe SC.
Perovskite La 0.67 Sr 0.33 MnO 3 (LSMO) has been predicted to be a half metal 26 and a P value as high as 80% has been measured by ARS. 8, 27 In this work, 100-nm LSMO epitaxial thin film grown by pulse laser deposition 28 is used. Its Curie temperature is above 360 K, as shown by the inset of the Fig. 1(a) . First, the P value of LSMO was verified by conventional Pb at 1.8 K. Over 20 contacts have been measured and some representative ARS spectra are shown in Fig. 1 . The open circles are the experimental data while the solid curves are the best fit to the modified BTK model. 18 As shown in Fig. 1 , the ARS spectra display the hallmark double-peak features, with the peak value at about 4 meV. In ARS, the peak value is often an indication of the gap value of the superconductor. However, the Pb wire has Tc = 7.2 K and its gap value is 1.34 meV at 1.8 K, much smaller than 4 meV. This is due to the effect of r E typically observed in samples with large resistivity. 18 In our analysis, ∆ is fixed at 1.34 meV, obtained from its T C = 7.2 K, and T = 1.80 K is from the experimental value. The value of Γ is fixed as Γ = 0 because the effect of inelastic scattering is very small using a Pb tip with high purity. In fact, Γ is very close to 0 (< 0.001) even when it is varied in the fitting for all the contacts. Only Z, r E , and P are varied in the analysis, and the obtained P of LSMO is about 80% for small Z, consistent with previous studies. 27 There is a small asymmetrical background for all AR spectra in Fig. 1 , which has been attributed to mismatch of E F between Pb and LSMO. 27 To understand the background, we measure the T -dependence of ARS spectrum of one contact, as shown in Fig. 2(a) , where the spectrum was measured from 1.54 K to over 8 K. For increasing T, the dip of the spectrum increases whereas the two shoulder peaks decrease. Eventually, the spectrum is reduced to a quadratic curve, as shown by the blue curve in Fig. 2(a) . The quadratic curve is due to ballistic Joule heating which has been previously studied by some of the authors. 29 Clearly, the asymmetry of the ARS spectrum remains above the Tc of Pb, so it has nothing to do with the superconductor, confirming that it is due to the mismatch of E F between Pb and LSMO.
Above Tc of Pb, the AR spectra at 7.42 K (green) and 7.67 K (blue) are almost the same. One can use the curve above Tc to normalize the AR spectrum at T < Tc, and the normalized AR spectra are shown in Fig. 2(b) . The spectra are now symmetric and all of them can be well described by the modified BTK model. In our analysis, we first fit the spectrum at T = 1.54 K to determine the values of interfacial scattering (Z), inelastic scattering (Γ), extra resistance (r E ), superconducting gap (∆), and spin polarization (P). The values of Z, Γ and r E then were fixed for the ARS spectra at T > 1.54 K because it is the same contact and there is negligible change in dI/dV outside the gap in the T range, as shown in Fig. 2 . In the analysis of each spectrum at different T, only the values of P and ∆ were varied. The results are discussed below in Fig. 5 .
After verification of the P value in LSMO using conventional Pb, we use the unconventional Fe SC to measure the same LSMO sample. The SmO 0.7 F 0.3 FeAs was chosen because it has the highest Tc among the Fe SCs and it has also been theoretically predicted to be spin-triplet. 25 The polycrystalline Fe SCs with stoichiometric composition SmO 1-x F x FeAs (0.1 < x < 0.5) were synthesized by conventional solid-state reaction and the highest Tc = 52 K was obtained with x = 0.3, as shown by the inset of Fig. 3(a) . The Fe SC was mechanically polished to a tip, then a point contact was established at low T in a vacuum jacket. The ARS spectrum of one Fe SC-LSMO contact from 1.78 K to 53.73 K is shown in Fig. 3(a) . Clearly, the conductance is suppressed at V = 0 by the high P value in LSMO, but the AR spectrum cannot be analyzed by the modified BTK model due to a large quadratic background and a similar asymmetry as that of Pb/LSMO contacts shown in Fig. 3(a) . For the modified BTK model, the conductance must be flat outside the gap so that it can be normalized by a single conductance value for analysis.
A point contact is only a few nanometers in diameter and any thermal expansion could destroy the contact in T variation. In our system, there is a thermally balanced design for approaching the tip, where thermal expansion of various parts including the sample is compensated by parts made from the same materials and with the same length. A point contact has remained stable from 1.5 K up to over 250 K in our system. For a Fe SC-LSMO contact as shown in Fig. 3(a) , the conductance spectra are almost the same at T = 52.50 K and 53.73 K. We use the data at 52.5 K to normalize all the spectra, and the results are shown in Fig. 3(b) . The spectra are now symmetric and flat outside the gap. All spectra can be well described by the modified BTK model. In the analysis, the values of r E , Z, and Γ were determined by the spectrum at lowest T, then only P and ∆ were varied for higher T. The obtained ∆ value of the Fe SC is 8.15 meV at 1.78 K, consistent with previous results 12 and its T -dependence, along with the P values, will be discussed below in Fig. 5 . At 1.8 K, many contacts have been measured but they cannot be analyzed until a normalization spectrum of the same contact at T > Tc of the Fe SC is obtained. Using our thermally balanced ARS probe, we have measured several contacts at 1.8 K and over 52 K, and two representative curves are shown in Fig. 4 . After normalization, the conductance near V = 0 is suppressed by the high P value of LSMO and the spectra can be well described by the modified BTK model. The obtained P and ∆ are discussed below.
The values of P and ∆ from contacts at various T using both conventional Pb and the unconventional Fe SC are shown in Fig. 5 . The P values obtained at low T from Pb tips as a function of Z factor are shown by the open circles in Fig. 5(a) . For increasing Z factor, the P value decreases due to spin flip-scattering at the interface, an effect often observed in magnetic materials. [4] [5] [6] [7] [8] [9] [10] Extrapolating to Z = 0, the intrinsic P value of LSMO is obtained, which is about 80.9±3.6%. The P values of LSMO obtained from the Fe SC are also shown in Fig. 5(a) as solid squares. They follow the same trend as the results from Pb contacts and give the same intrinsic P value of LSMO. These results show that one can use the Fe SC to measure the P value of a magnetic material, including highly spin-polarized materials.
The T -dependence of the P value for the Pb-LSMO contact in Fig. 2 is shown in Fig. 5(b) as open circles. The P value almost remains constant from 1.5 K to 7.2 K. The P value of the Fe SC/LSMO contact shown in Fig. 3 is shown as solid squares in Fig. 5(b) , and again the P value remains constant up to 52 K. This is because the Curie temperature of LSMO is above 360 K, as shown in Fig. 1(a) , so that the magnetic properties including the P value do not vary much from 1.5 K to 52 K. In Fig. 5(b) , the P value for the Pb/LSMO contact is 0.39 while it is 0.82 for the Fe SC/LSMO contact. The reduced P value is due to the spin-flip scattering at the interface. Indeed, this specific Pb/LSMO contact in Fig. 5(b) has a Z factor of 0.96, much larger than the specific Fe SC/LSMO contact of Z = 0.25. This work shows that the P value of a magnetic material can now be measured from 1.5 K to 52 K using ARS, a feat that has never been achieved before. This can be utilized to explore many phase transitions in rare-earth metals 30 as well as the recent helical skyrmion crystals 31, 32 which exist below 50 K.
From the T -dependence of the ARS spectra of the Pb and the Fe SC, the ∆ values of the two SCs can also be determined simultaneously along with the P values, as shown by the inset of Fig. 5(b) . At low T, the ∆ value of Pb is 1.42 meV while it is 8.15 meV for the Fe SC. After normalization, the T -dependence of both Pb and the Fe SC are shown in inset of Fig. 5(b) , where the dashed curve is from the BCS theory. One can see that the T -dependence of the Fe SC is the same as that of Pb, consistent with previous reports. 12 Furthermore, as discussed above, it has been proposed that the Fe SC could be spin-triplet. 25 For a spin-parallel triplet SC, the two electrons in a Cooper pair have the same spin orientation. The Andreev reflection of a half metal should then be the same as that of a nonmagnetic metal, such as gold. This is because two electrons from the half metallic current can form a Cooper pair and thus Andreev reflection occurs to show the double conductance, instead of zero conductance for the singlet case. If there is any spin-parallel triplet pairing in the Fe SC, there will be no suppression of the conductance like those shown in Fig. 3  and 4 . The exact the same P value obtained from both the conventional Pb and the unconventional Fe SC using the same LSMO material demonstrates that there is no spin-parallel triplet pairing in the Fe SC.
In summary, we have shown that an unconventional Fe SC can be utilized to determine spin polarization of highly spin-polarized materials in ARS with proper normalization and it gives the same value as that using a conventional SC. The Fe SC can measure spin polarization in a much wider temperature range up to 52 K, which is over five times larger than for a typical conventional SC. Most importantly, a highly spin-polarized current reveals that there is no spin-triplet component in the Fe SC, SmO 0.7 F 0.3 FeAs.
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